Abstract: Postoperative ileus (POI) increases morbidity and prolongs hospital stay after bowel resection. Alvimopan is a µ-antagonist designed to counteract gastrointestinal side effects of opiates without impairing analgesia due to its inability to pass the blood brain barrier. Because of its association with myocardial events in a long term study where it was applied to treat opiate-induced constipation, approval by the FDA in 2008 for POI is restricted to short term inpatient use. This review gives an overview about pharmacology, efficacy and economic aspects of alvimopan for the treatment of POI. Alvimopan consistently accelerated gastrointestinal recovery in all moderately well designed trials represented by decreasing the time to first bowel movement and tolerance of solid food after surgery. There is limited evidence about its economic impact by shortening the length of hospital stay. Its role in upcoming multimodal perioperative "fast track" programs cannot be defined from currently available data.
Introduction
Postoperative ileus (POI) is a complex, well known clinical problem of vague definition and not completely understood multifactorial pathophysiology which can become a significant burden to patients. Peritoneal lesion and physical manipulation on the intestines impair coordinated bowel motility, thereby decreasing the tolerance, propulsion and proper digestion of food. This results in the absence of bowel sounds, flatus and bowel movements during a postoperative period and can lead to distension of the abdomen, intestinal accumulation of fluids and gas, pain, nausea and vomiting. Motility of the gut and its ability to digest recover usually during the first five days after surgery. 1 Prolongation of this period might lead to a nutrition deficit and therefore impair the immune defense. This can lead to delayed wound healing, hence late ambulation, pulmonary atelectasis with pneumonia and deep vein thrombosis with the potency for pulmonary embolism as secondary complications. 2, 3 There are no validated patient-reported outcome measures available to evaluate the patients' perception of the problem, but it seems obvious that higher postoperative morbidity might impair individual patients' quality of life and also increase the length of hospital stay, resource use and health care costs for the community. 4, 5 POI is the most common reason for prolongation of length of hospital stay. 6, 7 A large US American study using the databases of 160 hospitals revealed that if "paralytic ileus" or "digestive system complication" after abdominal surgery was coded in patients' records, the average length of hospital stay was significantly increased (11.5 versus 5.5 days). The average costs for the hospital stay per affected patient doubled from about 9000 to 18000 USD in 2002. This attributed about 1.46 billion USD to the country's annual health care costs. 8 Therefore, shortening the hospital stay is a desirable accessorial goal of a POI treatment for economic reasons as well.
Pathophysiology
Several pathophysiological mechanisms for this phenomenon have been identified on animal models. Motility disturbance in the stomach wall after surgery has been shown to be associated with disorganized and uncoordinated electrical activity and lack of coordinated propulsion. 9 Changes in fluid balance, hormone levels and electrolyte concentrations during and after surgery might additionally impair peristalsis. 2, 10 Stress related elevation of sympathetic activity triggers local and spinal vagal reflexes which inhibit gastrointestinal motility. 11 The apparently close interaction between reactive local inflammation, afferent and efferent sympathicus activation and the release of endogenous opioids is not completely understood but might be crucial to understand how different therapeutic interventions (sympathicus blockade by thoracic epidural analgesia, antiinflammatory drugs, opioid-antagonists) might complement or counteract each other. During the first 24 hours after mechanical manipulation, leucocytes invade the gut wall and secrete inflammatory mediators impairing propulsive smooth muscle activity. 12 Endogenous opiates potentiate the induction of the enzyme nitric oxide synthase in leucocytes and the release of nitric oxide from phagocytes. Nitric oxide is the main inhibitory transmitter of the gut's motor activity. 13 The interaction between opiates and leucocytes over the µ-receptor has also been reported to modulate the immune system in a potentially harmful way. 14, 15 On top of those physiological reactions of the body to stress, the use of opioids in post-surgical pain management inhibits propulsive gastrointestinal motility over the same mechanisms as endogenous opioids do. 16, 17 So far, the efficacy of traditional approaches to prevent prolonged POI, such as the placement of nasogastral tubes, infusion of high fluid amounts, early mobilisation and the application of laxatives has not been proven in controlled trials. Some interventions have even been shown to be harmful. 2 Attempts are made to treat POI pharmacologically, but a recent Cochrane review revealed that there are few medical treatments in discussion. They are not sufficiently supported in their efficacy by reliable randomised controlled trials to be recommended in routine clinical use. 18 One pharmacodynamic approach is the blockade of the opioid-induced inhibition of propulsive motoractivity in the gut which is mainly mediated through µ-receptors. [19] [20] [21] Alvimopan (Adolor Corp, Exton, PA), a synthetic, oral, peripherally active µ-antagonist, has been shown to be highly effective in mice, counteracting morphium-induced reduction of gastrointestinal motility. 22 It revealed promising results in several phase II and III trials by antagonising the inhibitory effect of opiates to the motility of the gut without impairing pain relief or causing withdrawal symptoms. [23] [24] [25] [26] Alvimopan also reversed codein-induced colonic transit delay in healthy volunteers. 27 In the United States, alvimopan has received Food and Drug Administration approval for preventing postoperative ileus by accelerating the time to upper and lower gastrointestinal recovery following partial large or small bowel resection with primary anastomosis in May 2008. It is restricted to inpatient and short term use because it has been associated with a higher risk for myocardial infarction in a trial for long term use against opiate-induced constipation.
This review aims to present and critically appraise the evidence of safety and efficacy of alvimopan in clinical use to prevent POI and its economic implication for health care costs. The search strategy for literature is described in Table 1 .
Pharmacology
Alvimopan (Table 2) is a zwitterionic molecule, a quaternary highly selective long acting opiate antagonist with negligible activity at the δ-and κ-receptors and high binding affinity for the µ-receptor. It does not pass the blood brain barrier because of its high polarity and size. 22 Pain reduction through opiates is primarily mediated by µ-receptors located in the central nervous system and therefore not affected by alvimopan. 2, 15, 28 None of the trials presented reported any reduction on opiate-based pain control.
Orally taken, alvimopan becomes partially metabolized by the gut flora into its primary amid metabolite ADL 08-0011 which is absorbed. ADL 08-0011 exhibits affinity to and activity on the µ-receptor in vitro and in vivo equally to alvimopan. Its clinical effect after the application of the primary drug alvimopan is unknown. 29 Unlike alvimopan, ADL 08-0011 has a tendency to accumulate when alvimopan is applied 12 mg b.i.d. after multiple doses. It shows a wide range in most pharmacokinetic variables. They depend on different factors of the individual subject like race, geographic habitat, presence of inflammatory bowel disease (IBD) or co-medication like antibiotics and acid blockers. This might be due to differences in the gut microflora because the metabolization of alvimopan into ADL 08-0011 depends on bacterial processes. Since most surgical patients will receive antibiotic treatment ADL 08-0011 will be significantly less (about 81% less) absorbed and is therefore expected to not play a clinical role in the efficacy of alvimopan for the treatment of postoperative ileus. 30 No clinically relevant differences in pharmacokinetic behavior have been noticed among those different subgroups of patients for alvimopan itself. In a metaanalysis of a series of clinical trials to explore its pharmacokinetics in different groups of patients and healthy volunteers, there was no variation in pharmacokinetic function depending on weight, gender, height, body mass index, presence of inflammatory bowel disease, renal function, concomitant antibiotic use, acid blocker use or P-glycoprotein inhibitor use. 30 Oral bioavailability of alvimopan in humans is low (6%) to begin with and decreases with higher doses. 15, 30 That suggests that the absorption might be a saturable process. 30 Food curtails the rate and extent of absorption, which may be due to a shorter transit time through the gut. Alvimopan's low intestinal absorption rate per time decreases in surgical patients, but plasma concentration and absolute extent of absorption increase, probably because of a slower gastrointestinal passage and therefore longer residence time of the drug in the gut. A slightly higher plasma concentration in elderly subjects was minor compared to inter-subject variability and might therefore be clinically irrelevant. 30, 31 Alvimopan is mainly fecally eliminated without major hepatic metabolization and renal impairment is of no clinical relevance for its plasma level. No dose adaption has to be made for patients with renal or hepatic insufficiency.
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Clinical Trials
Seven randomized placebo controlled clinical trials have been identified and shall be presented here to demonstrate the efficacy of alvimopan in clinical practice (Table 3) . 32 In 2001 Taguchi published the first trial where 78 patients received either placebo, 1 mg or 6 mg of alvimopan two hours before open abdominal surgery (15 hysterectomy, 63 partial colectomy) and twice daily up to the first bowel movement or until hospital discharge, in order to evaluate the effect of this intervention on the postoperative recovery of gastrointestinal function. He reported a significant shortening of the time to first flatus, first bowel movement and hospital discharge only for the 6 mg group. There was a significant reduction in nausea and vomiting without any impairment of analgesia or occurrence of other side effects. The trial was well designed, but conducted at a single site where patients underwent a strict treatment with patient-controlled intravenous opiate-based analgesia, early diet, early removal of the nasogastric tube and fast mobilization, which might be one reason, why the overall median time to discharge was much shorter than national average. In a gynecological multi-center trial patients underwent simple total abdominal hysterectomy and perceived either placebo or 12 mg alvimopan at least two hours before the scheduled operation and twice daily for postoperative days 1-7. Time to first bowel movement was significantly decreased. The medication was given beyond hospital discharge and patients kept diaries to report further side effects. The exact method of data collection was not reported. Overall, the most common adverse events were nausea, vomiting and constipation. Nausea and vomiting were insignificantly more frequent in the treatment group on the first postoperative day but not different later on, whereas constipation tended to be improved by alvimopan. 34 As part of a phase III clinical development program, four independent multi-center trials comprising more than 2000 patients in North America have been conducted and finally led to the approval of the drug by the FDA in May 2008. Two of these studies had received funding from the pharmaceutical company involved and some co-authors were employees of these sponsors. The quality of following trials was rated as moderate by a recent Cochrane review due to methodological or reporting deficiencies. 18 Not enough details about the method of randomization and blinding were provided and the intention to treat principle was not properly applied in any of those trials. None of the trials had provided information if the proportional hazards assumption had been violated or fulfilled. Pooling data of those American trials in a meta-analysis of this Cochrane review confirmed, that alvimopan shortens the time between surgery and first bowel movement, time to reach GI-2 and time to tolerate solid food. It also reduces the length of hospital stay ( Table 4 ). The analysis did not detect a significant dose-response in efficacy of the drug.
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Most trials were comprised of patients receiving partial intestinal surgery or hysterectomy excluding laparoscopic interventions. Postoperative analgesia for all subjects was patient-controlled intravenous opiate application and clinical management included early ambulation, removal of the nasogastric tube earlier than noon of and first fluid diet intake on the first day after surgery. None of these trials reported any impairment of analgesia measured by opiate consumption and visual analog scale (VAS) pain scores. No difference in adverse effects was noticed unless mentioned below. Most of them showed a reduction in time to bowel recovery and time to hospital discharge.
In the trial reported by Delaney et al, the mean time to gastrointestinal recovery and hospital discharge was reduced by alvimopan, but surprisingly only reached statistical significance for 6 mg and not for 12 mg. The authors implied that the statistics were attenuated because a high number of patients in the 12 mg alvimopan group discontinued study and treatment for gastrointestinal adverse events which were not further specified. The incidence of nausea and vomiting was reduced by 53% in the alvimopan 12 mg group. 35 Wolff et al detected a dose-response concerning the time to discharge from the hospital. Only the 12 mg alvimopan group had a significantly shorter stay of about 22 hours less than the placebo group. They also reported a slightly higher daily opioid consumption rate for the patients who took 6 mg alvimopan (33.6 mg) than in the placebo (27.0 mg) and the 12 mg group (27.1 mg). This was statistically significant but not judged as clinically relevant by the authors. 28 In the trial presented by Viscusi, GI-3 (tolerance of solid food and first bowel movement or first flatus completed) results did only reach statistical difference after adjusting for relevant covariates like sex and duration of surgery. 36 Using a pooled data analysis of these last three trials, Delaney showed a dose-response of alvimopan for gastrointestinal recovery after bowel resection (GI-2 = time to first toleration of solid food and first bowel movement and GI-3 = time to first toleration of solid food and first flatus or bowel movement) and also for time to hospital discharge. In a subgroup analysis, females and patients older than 65 only benefitted from 12 mg alvimopan concerning the time to reach GI-3.
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Therefore the next trial was performed with only 12 mg alvimopan versus placebo and showed that a shortening of the time between first application of the drug from more than two hours to 30-90 minutes before surgery did not have any impact on its effect on bowel recovery. Most adverse effects were fewer in the alvimopan group and for nausea and vomiting this decrease even reached statistical significance.
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In 2008, a trial with a similar design and 738 patients was presented by Bücheler et al. It was conducted in 11 countries outside of America. Contrary to the trials conducted in North America, patients were not restricted to PCA and allowed to take NSAID as postoperative pain control. The trial showed a reduction of time to gastrointestinal recovery (GI-2 and GI-3) without reaching statistical significance. By post hoc analysis this decrease in recovery time reached statistical significance in the subgroup of patients receiving patient-controlled analgesia per intravenous opiate-infusion. These patients also showed a significantly higher consumption of opioids in the first 48 hours after surgery. All American patients had received PCA. In the European trial only the patient subgroup with PCA profited significantly from the treatment. This implies a restriction of alvimopan's effectiveness in patients who receive this kind of analgesia and the clinical outcome in all Table 4 . Pooled data analysis of four RCTs in North America by Cochrane review. 18, 28, 35, 36, 38 Hazard ratio for alvimopan 12 mg
Hazard ratio for alvimopan 6 mg studies might be mainly caused by antagonizing the effect of exogenous opiates. 39 All trials quoted have a similar set up and comprise a small spectrum of clinical situations. Even if in these settings alvimopan has shown to be effective, more evidence is needed to evaluate its role in everyday clinical use. Because of strict exclusion criteria in all of those trials, no patients on chronic opiate therapy have been researched. Only the European trial allowed the postoperative use of NSAID which were taken by 69% of those patients. Antiinflammatory drugs have shown to be effective in postoperative pain management and have an effect on POI by either sparing opioid consumption or by reducing the inflammation process in the gut wall which impairs propulsive motoractivity. They could therefore influence the effect of opiates and alvimopan. 40 More research is needed on postoperative ileus for other visceral surgical and anesthetic procedures. No trials have been performed on patients undergoing laparoscopic procedures and epidural local anesthesia, which are both common procedures to improve surgical outcome concerning POI in so called multimodal "fast track" enhanced recovery programs. 41 
Economic Aspects
In controlled settings of the RCTs presented above in North America, alvimopan shortened the length of hospital stay significantly to approximately a day less than the placebo. A post hoc economic base-case and sensitivity analysis of those trials combining alvimopan and hospital costs for each patient assigned a reduction of mean estimated hospital costs of 879-$977USD to patients who received alvimopan compared to those treated with placebo. 42 There was no effect of alvimopan on length of hospital stay found in the European study. LOS was 3-4 days longer in the European placebo group than in the American equivalent indicating that regional differences in multimodal care pathways and discharge management might play a big role for this clinical and economic outcome. The placebo group's mean length of stay was still shorter than registered in several European countries according to a recent survey, also implying that other factors in the study design with its standardized clinical procedures might play a role in shortening the time until discharge. 43 From the clinical point of view POI is a multifactorial phenomenon. To prevent it might involve an intelligent combination of different interventions. Whether or not clinical benefit of alvimopan translates into cost reducing effects by shortening of hospital stays or decreasing readmission rates independently from the health care setting cannot be deducted from the evidence of these RCTs. RCTs are designed with standardized procedures and conducted in homogeneous health care settings to evaluate clinical effects especially in early stages of drug development. Even if secondary endpoints of potential economic interest like LOS are reported, the size and mechanism of their impact cannot be transferred directly to real life situations nor to other organizational environments. Any contribution to this outcome by the trial's standardized procedure is hard to isolate. The fact that in all these trials the LOS was significantly shorter than in "real life statistics" demonstrates this problem very well. Economic evaluation of medical interventions therefore has to be done in the individual health care system to obtain relevant quantitative results.
In 2008, after the restricted approval of the FDA and the introduction of alvimopan into clinical practice in the USA, Absher et al conducted an open label, multi-hospital prospective study on 108 patients with a retrospective chart review (91 patients) comparing length of hospital stay and post-operative morbidity judged by rates of nasogastric tube insertion and hospital readmission rate within 30 days for patients receiving alvimopan while undergoing bowel resection. 44 Contrary to the RCTs mentioned above, patients who underwent laparoscopic procedures (LBR) were included and there were no clinical pathways nor restrictions for postoperative analgesia specified as inclusion criterion. Most patients in both groups again received PCA, which seems to be the routine method of choice in the US. Hospital LOS was 1.2 days (5.6 days) shorter in the alvimopan group than in the retrospective cohort (6.8 days) with no difference between open and laparoscopic surgery. For patients over the age of 70 this effect was even larger with an average difference of 3.2 days less. Mean costs the authors assigned to any additional day in the hospital for the control group were 1357USD for patients undergoing open (OBR) and 938USD for laparoscopic surgery (LBR). Costs for a single dose of alvimopan including labor cost (2.5USD) was 65USD and patients took an average of 9.7 doses for OBR and 7.7 for LBR. The netto reduction of costs per patient receiving alvimopan were calculated to be 997USD for OBR and 531USD for LBR.
There was a significant decrease in the rate of reinsertion of nasogastric tubes for the alvimopan group with an Odds Ratio of 0.1 (95% CI 0.02, 0.47), but no difference in the hospital readmission rate. NSAID were significantly more often applied in the alvimopan group. No association with a shorter LOS was detected for the use of NSAID neither by univariate nor by multivariate analysis. With regard to the restriction of alvimopan use it was important to notice that no incidence of myocardial ischemia or sudden death were reported in the alvimopan group.
Even if this study is weakened through lots of potential biases by nature due to its design (no blinding, no randomization, cohorts limited in comparability because of their baseline characteristics and retrospective analysis, no rigorous method of adverse event reporting, etc.) and underpowered nor suited to detect clinical events, it shows a certain congruence at least in its clinical outcome with the RCTs and describes an economic benefit of the usage of alvimopan in this health care system.
More research focusing on prospective randomized trials with validated tools evaluating financial impact in different health care systems has to be done to further assess the economic role alvimopan might play by preventing POI.
Conclusion
Results from trials retrieved for this review concerning POI prevention using alvimopan have to be interpreted with caution. Some trials' designs cannot completely exclude biases because of deficiencies in statistical analysis and some authors' potential conflicts of interest.
There is clear evidence that alvimopan significantly shortens the time to first bowel movement, time to tolerance of solid food and time to hospital discharge after open bowel resection or abdominal hysterectomy for patients receiving patient-controlled opiate-based pain control (Table 5 ). There is no clear proof for a dose-response in its efficacy, but in several analyses the 12 mg dosage showed better results than 6 mg, especially in women and patients over 65. 37 The drug has to be applied between 5 hours and 30 minutes before and twice daily after surgery until gastrointestinal recovery. Short term usage of alvimopan is safe and does not impair pain management. No myocardial events have been associated with alvimopan in this setting but further monitoring for this serious adverse effect is indispensable.
Because the data available are limited to specific clinical situations, they don't allow for a clear recommendation of the use of alvimopan in preventing POI in general. That the effect of alvimopan could only be shown on patients on PCA suggests that its effect might mainly be based on antagonizing exogenous opiates on the gut wall but also, that it could be the key to escape the restraint to avoid opiates to prevent POI at all costs. Lately, so called "fast track" multimodal strategies for faster recovery after abdominal surgery have shown to reduce the length of hospital stay significantly. 41 They include the preference of laparoscopic procedures for less manipulation on the gut and the use of midthoracic epidural analgesia to interrupt sympathical reflexes. They promote the use of NSAID and COX2-inhibitors against inflammation to reduce opiate request. Only one of the trials retrieved has included patients on any of these therapies. These limited data do not provide enough evidence to judge the efficacy of alvimopan in combination with those interventions. Since their mechanism of action might interfere in a complementing or counteracting way with the effect of alvimopan further research has to focus on combining alvimopan with these procedures to evaluate and specify the drug's future role in abdominal surgery.
The economic impact of alvimopan by shortening the length of hospital stay is shown with limited evidence mainly in the health care system of the USA. The external validity of these results for other health care settings focussing on different multimodal management strategies for abdominal surgery is low and more studies have to be specifically designed to evaluate this aspect in different countries.
